Sn-based alloys with high creep resistance are required for soldering applications. This paper describes the effect of solid solution strengthening on the creep resistance of Sn-Zn alloys. The maximum solubility limit of Zn is 0.34 mass% in Sn. The creep behaviors of Sn, Sn-0.1 mass%Zn and Sn-0.4 mass%Zn were examined at 298 and 398 K under constant strain rates ranging from 1 Â 10 À4 to 1 Â 10 À2 s À1 . The creep resistance of Sn was improved significantly by the addition of a small amount of Zn owing to the solid solution strengthening. The creep resistance of Sn-0.4 mass%Zn was at the same level as that of Sn-37 mass%Pb. We obtained a stress exponent of about 7 and an activation energy of 41-45 kJ/mol, which indicates that the creep behavior was climb-controlled dislocation creep controlled by pipe diffusion. The finding that a small addition of Zn improves the creep resistance is useful for developing new Pb-free solders.
Introduction
Eutectic Sn-37Pb solder has been the most widely used material for interconnecting and packaging electronic components. However, Pb and Pb-containing compounds are considered as toxic substances. Due to the current awareness of the environmental and the health hazards associated with Pb, many studies on Pb-free solders and soldering techniques have been performed with the aim of replacing Sn-Pb solders with Pb-free alternatives. 1, 2) Considering performance, reliability and resources, Sn-Ag and Sn-Zn alloys have received the most attention. 3) Eutectic Sn-9Zn alloy has a melting point of 471 K, which is closer to the 456 K of eutectic Sn-37Pb than the 494 K of eutectic Sn-3.5Ag. 4) Therefore, Sn-9Zn has been considered a potential Pb-free solder material. 5, 6) Many investigations have dealt with different aspects of Sn-9Zn, such as its mechanical properties, 7) solderability 8) and oxidation behavior. 7) To apply a soldering material to a wide range of applications, high creep resistance is also required. 9) One example is dimensionally stable solder for optoelectronic applications.
10) The creep resistance of Sn-9Zn is superior to that of Sn-37Pb. 11) However, the general conclusion is that despite its better mechanical properties, Sn-9Zn has poor wettability to the Cu substrate, a phenomenon generally related to the oxidation sensitivity of Zn. 12, 13) To improve the wettability, it is very effective to use hypoeutectic Sn-Zn alloys having lower contents of Zn. 14) Based on this consideration, Mahmudi et al. have researched the creep behaviors of a series of Sn-Zn alloys (2.5-9 mass%Zn) and found that creep resistance was due to the higher volume fraction of Zn-rich second phase particles in the more concentrated alloys. 14) In Sn-Zn alloys, trace Zn is soluble in the Sn matrix, which has a maximum solubility limit of 0.34 mass%Zn. 15) In this work, the objective was to clarify the effect of solid solution strengthening on the creep resistance of Sn-Zn alloys by means of a constant strain rate tensile test. We believe that the findings presented in this paper will be useful for the development of new creep-resistant Pb-free solders.
Experimental Procedure
Sn, Sn-0.1 mass%Zn and Sn-0.4 mass%Zn were used in this study. For the preparation of these alloys, high-purity Sn (99.98% purity, Yunnan Chengfeng Non-ferrous Metals Co., Ltd., China) and Zn (99.9% purity, Mitsuwa Chemicals Co., Ltd., Japan) were used as starting materials. The chemical compositions are shown in Table 1 . The alloys were initially produced by ingot casting. The casting temperature was 603 K, which was about 100 K above the liquidus line temperature.
15) The molten alloys were cast into an iron mold. The inner diameter and length of the mold were 30 and 140 mm, respectively. The ingots were solution-treated for 24 h in air and then water-quenched. The solution-treatment temperatures were 423 K for Sn and 453 K for Sn-0.1Zn and Sn-0.4Zn. The ingots were then extruded into cylindrical bars of 12 mm in diameter at an extrusion temperature of 373 K. The cylindrical bars were machined as tensile test specimens with a gage length of 12 mm and a diameter of 4 mm. Tensile tests were carried out by the constant strain rate method at strain rates ranging from 1 Â 10 À4 to 1 Â 10 À2 s À1 and at temperatures of 298 K (¼ 0:59 T m , where T m is the melting point of Sn, Sn-0.1Zn and Sn-0.4Zn 15) ) and 398 K (¼ 0:79 T m ). The microstructures were examined by means of a scanning electron microscope (SEM). The microstructures after the extrusion are shown in Figs. 1(a) for Sn, 1(b) for Sn-0.1Zn and 1(c) for Sn-0.4Zn. The average grain sizes were 5.8, 5.0 and 4.2 mm for Sn, Sn-0.1Zn and Sn-0.4Zn, respectively. It will be shown that the amount of Zn in solution is the important variable in explaining the creep resistance of Sn-Zn alloys in the latter. A Sn-Zn eutectic 15) is given in Fig. 2 . The maximum solubility limit of Zn is 0.34 mass% in a Sn-Zn system. 15) The solubility limits at 453, 398 and 298 K were 0.32, 0.16 and 0.13 mass%, respectively. The solution-treatment temperature was 453 K, and the tensile test temperatures were 398 and 298 K. There is no doubt that Sn-0.1Zn is a completely solid solution. Even in Sn-0.4Zn, most of the Zn exists in solution; a proportion of about 80% in solution and about 20% in Zn particles at the solution-treatment temperature of 453 K can be estimated by using the lever rule. So, no precipitates were observed in the microstructure of Sn-0.4Zn, as indicated in Fig. 1(c) .
Results

Tensile properties
Typical true stress-true strain curves for Sn, Sn-0.1Zn and Sn-0.4Zn at a strain rate of 1 Â 10 À3 s À1 and at temperatures of (a) 298 and (b) 398 K are shown in Fig. 3 . The true strain, ", and true stress, , were calculated as follows:
where " n is the nominal strain and n is the nominal stress. The derivation of eqs. (1) and (2) assumes both constancy of volume and a homogenous distribution of strain along the gage length of the tensile specimen. Therefore, the values of the true strain and true stress are inaccurate after the localized necking. After the localized necking, the applied deformation is almost concentrated in the localized neck. This deformation concentration results in unloading in the materials outside the localized neck, which results in decreasing the true stress just before the fracture as shown in Fig. 3 . The flow stress, at the fixed true strain of 0.1 was determined from each sample tested at the given temperature and strain rate. The flow stresses increased with increasing Zn content at both 298 and 398 K. It is obvious that the creep resistance was improved by the addition of a small amount of Zn. All of the Zn content in Sn-0.1Zn and most of that in Sn-0.4Zn existed as solutions in the Sn matrix. Therefore, the strengthening mechanism in Sn-0.1Zn and Sn-0.4Zn is the solid solution strengthening. The mechanism of this solid solution strengthening will be discussed later in this paper. SEM observations of the fracture surfaces indicated transgranular creep fractures. The growth of voids by creep was observed in the fracture surfaces of Sn-0.4Zn. Figure 4 shows the relationship between the strain rate and the normalized flow stress compensated by the shear modulus, G. The value of the shear modulus of Sn that was used for this normalization is shown in Table 2 . The stress exponent, n, which was estimated from the slope of the curve, exhibited values of 7.1, 7.0 and 7.2 at 298 K and 7.3, 7.1 and 7.4 at 398 K for Sn, Sn-0.1Zn and Sn-0.4Zn, respectively. The n values suggest that the climb-controlled dislocation creep could be a dominant deformation process. Figure 5 shows the variation in strain rate as a function of flow stress for Sn, Sn-0.1Zn, Sn-0.4Zn, Sn-9Zn, 17) Sn-3.5Ag 18) and Sn-37Pb 18) at 298 K. Highly creep-resistant solders are necessary for many soldering applications. 9) Among the Pb-free solders, Sn-3.5Ag and Sn-9Zn have been expected as promising alternatives of Sn-37Pb because of their superior creep resistance compared to that of Sn-37Pb, as shown in Fig. 5 . On the other hand, the flow stress of Sn-0.4Zn is higher than that of Sn-37Pb above the strain rate of 1 Â 10 À2 s À1 at 298 K. The creep resistance of Sn-0.4Zn is at the same level as that of Sn-37Pb.
The variation in flow stress as a function of Zn content at 298 K is shown in Fig. 6 . There was a remarkable increase in flow stress with increasing Zn content under the maximum solubility limit of Zn. It is well known that the addition of Zn improves the creep resistance of Sn.
7) The good creep resistance of Sn-Zn alloys is believed to derive from the dispersion strengthening of the Zn-rich second phase particles. 7) However, Fig. 6 indicates that Sn-Zn alloys are strengthened significantly owing to the solid solution strengthening under the solubility limit. This figure also indicates that Sn-Zn alloys are further strengthened moderately due to the dispersion strengthening of the Zn-rich second phase particles with increasing Zn content above the solubility limit. In Sn-Zn systems, not only the dispersion strengthening of the Zn-rich second phase particles but also the solid solution strengthening is an important strengthening 18) and Sn-37Pb 18) at 298 K.
Effect of Small Addition of Zinc on Creep Behavior of Tinmechanism, even though the solubility of Zn in Sn is very small.
Activation energy
The constitutive equation which describes the deformation behavior at high temperatures (above about 0:5T m ) is generally expressed as follows:
where _ " " is the strain rate, is the flow stress, G is the shear modulus, b is the Burgers vector, k is Boltzmann's constant, T is the absolute temperature, n is the stress exponent, d is the grain size, p is the grain size exponent, D 0 is the preexponential factor for diffusion and Q is the activation energy which depends on the rate-controlling process, R is the gas constant and A is a material constant. The values of b and G are shown in Table 2 .
The n values observed in Sn, Sn-0.1Zn and Sn-0.4Zn are about 7, as shown in Fig. 4 . The p value was taken to be zero, as in conventional dislocation creep.
16) The activation energy for creep can be calculated as follows:
In order to calculate the activation energy, the relationship between _ " "kT=ðGbÞ and the reciprocal temperature at a fixed normalized stress, =G, of 9:1 Â 10 À4 is illustrated in Fig. 7 . The creep activation energies were 41, 41 and 45 kJ/mol for Sn, Sn-0.1Zn and Sn-0.4Zn, respectively. These activation energies are much lower than the 102 kJ/mol of the lattice diffusion in Sn. 21) Under the climb-controlled dislocation creep, the stress exponent ranges from 5 to 7. 22) A stress exponent of 5 with the activation energy of lattice diffusion is known as climbcontrolled dislocation creep controlled by lattice diffusion. 22) The stress exponent of about 7 with the low activation energy in Sn, Sn-0.1Zn and Sn-0.4Zn is consistent with the climbcontrolled dislocation creep controlled by pipe diffusion. 22) Adeva et al. 23) have estimated that the activation energy for pipe diffusion in Sn was 46 kJ/mol, based on the theoretical relationship proposed by Sherby and Weertman. 24) This activation energy for pipe diffusion is close to the activation energies of 41-45 kJ/mol in Sn, Sn-0.1Zn and Sn-0.4Zn obtained in the present study. Therefore, it was demonstrated that the creep mechanism of Sn, Sn-0.1Zn and Sn-0.4Zn was climb-controlled dislocation creep controlled by pipe diffusion.
Discussion
The experimental results indicate that the dominant diffusion process is climb-controlled dislocation creep in Sn, Sn-0.1Zn and Sn-0.4Zn. Robinson and Sherby 22) have demonstrated that the concept of an effective diffusion coefficient, D eff , can be applied to describe the dominant diffusion process for climb-controlled dislocation creep. The effective diffusion coefficient involving the lattice diffusion coefficient and pipe diffusion coefficient is given by the following equation:
where D L is the lattice diffusion coefficient, D P is the pipe diffusion coefficient and E is Young's modulus. 24) Robinson and Sherby 22) have demonstrated that eq. (3) under climbcontrolled dislocation creep could be rewritten as follows:
The relationships between the normalized strain rate, ð _ " "=D eff ÞðkT=GbÞ, and the normalized stress, =G, for Sn, Sn-0.1Zn and Sn-0.4Zn are shown in Fig. 8 . The material factors of D L , D P , E, G and b in Sn which we used in this study are listed in Table 2 . E and G in Table 2 were determined from the elastic stiffness coefficients of Sn 25) by using the Voigt and Reuss average. 26, 27) The fitting line in Fig. 8 has a fixed slope of the 5th power. This figure indicates that the flow behaviors of Sn, Sn-0.1Zn and Sn-0.4Zn are straight lines with a slope of the 5th power. The values of A for Sn, Sn-0.1Zn and Sn-0.4Zn could be estimated from the intercepts of the fitting lines with a slope of the 5th power at =G ¼ 10 0 , as shown in Fig. 8 . The values of A for Sn, Sn-0.1Zn and Sn-0.4Zn are listed in Table 3 . The constitutive equation under climb-controlled dislocation creep was developed using the material parameters for Sn, Sn-0.1Zn and Sn-0.4Zn.
Many researchers have suggested that the flow stress during climb-controlled dislocation creep in solid solution alloys such as Al-based alloys, [28] [29] [30] Cu-based alloys 31) and Mg-based alloys 32, 33) is dependent on the stacking fault energy. The decrease in stacking fault energy due to the alloying in solid solution alloys usually improves the creep resistance. [28] [29] [30] [31] [32] [33] It is explained that the root of solid solution strengthening in Sn-Zn alloys is also the decrease in the stacking fault energy due to the addition of Zn.
It is widely accepted that the flow stress increases with the inverse cube of the stacking fault energy. 34, 35) Therefore, the material constant A in eqs. (3) and (6) is includes the stacking fault energy, as follows:
where A 0 is a constant and is the stacking fault energy.
35)
The constitutive equation under climb-controlled dislocation creep including the stacking fault energy is given by the following equation:
The values of the stacking fault energy for Sn and Sn alloys have not been obtained experimentally. So, the stacking fault energy of Sn is defined as a hypothetical value, 0 . Using this value, eq. (7) can give the stacking fault energy for Sn-0.1Zn and Sn-0.4Zn. The stacking fault energies for Sn-0.1Zn and Sn-0.4Zn are listed in Table 3 . In the case of Sn-0.4Zn, the material includes a Zn-rich second phase. However, the fraction of second phase particles in the solid solution matrix is very small. So the effect of dispersion strengthening can be neglected. Recently, the stacking fault energies of many metals have been calculated from first principles with absolute accuracy. 37, 38) The authors have investigated the stacking fault energies for Sn and Sn alloys from firstprinciples calculations and will present the calculated results in the near future.
In this study, it was clarified that a small addition of Zn under the solubility limit leads to a significant improvement of the creep resistance. This knowledge should be useful for the development of new Pb-free solder alloys, for example, Sn-Ag-Cu-Zn alloys. The Sn-3Ag-0.5Cu system is now the most familiar Pb-free solder in Japan, and is being used by most Japanese manufacturers for reflow, wave soldering and hand soldering. 39) Because Sn-3Ag-0.5Cu alloy contains 3 mass% of the expensive metal Ag, this alloy is more expensive than other Pb-free alloys. In Japan, recently, SnAg-Cu alloys with a lower Ag content (0.3 or 1 mass% Ag), named ''low-Ag Pb-free solders'', are being developed for reducing the material cost. [40] [41] [42] [43] [44] But the decrease in the Ag content in the alloy results in the deterioration of the creep resistance. 40, 44) Consequently, most recent researches have focused on the selection of a 4th element in order to boost the creep resistance of low-Ag Pb-free solders.
45) The addition of a small amount of Zn, which greatly improves the creep resistance in Sn, to low-Ag Pb-free solder may be one of the solutions. The addition of Zn leads to poor wettability, as is well known in Sn-9Zn. 12, 13) Nevertheless, the deterioration of the wettability should not be a big problem, because the amount of Zn added for solid solution strengthening would be about 0.4 mass%, which is very small compared to that in Sn-9Zn. Our report of the development of a low-Ag Pb-free solder containing a small amount of Zn will appear in a future paper.
Conclusions
The creep behaviors of Sn, Sn-0.1Zn and Sn-0.4Zn were examined at 298 and 398 K and under constant strain rates in the ranging from 1 Â 10 À4 to 1 Â 10 À2 s À1 . (1) The creep resistance of Sn-0.1Zn and Sn-0.4Zn was improved significantly by the addition of a small amount of Zn owing to the solid solution strengthening. Not only the dispersion strengthening of the Zn-rich second phase particles but also the solid solution strengthening is an important strengthening mechanism in Sn-Zn systems, even though the solubility of Zn in Sn Fig. 8 Relationships between the normalized strain rate, ð _ " "=D eff ÞðkT=GbÞ, and the normalized stress, =G. The fitting line has a fixed slope of the 5th power. 
